ABSTRACT Secondary arcs are a type of alternating-current electric arc burning in open space, the arcing times of which are closely related to the transient of their currents. To elucidate the formation mechanism of the transient, the secondary current was first decomposed into the natural component and the forced component. Then, the corresponding circuit models were established and the formulas calculating these two components were derived. By means of the electromagnetic transients program simulation, the typical secondary arc current waveform is gotten, and its evolution is divided into three stages based on its characteristics. The influences of key factors (e.g., secondary arc resistance, shunt compensation degree, and neutral reactor) on the transient were investigated, and the most critical factor was obtained. It indicates that the transient of secondary arc current is mainly characterized by its natural component. Furthermore, using the Laplace transform method, and along with the simplification of the system circuit, the characteristic equation for the UHV transmission line was developed, and the damping factors and resonant frequencies of the natural component were solved. Compared with the previous steady-state analysis, the relationship between the decaying and oscillating processes with the system parameters is quantitatively explained. Rather than the line length, the neutral reactor, the decay of secondary arc current is directly proportional to the arc resistance, but inversely proportional to shunt reactor. The proposed methodology can be also applied to recovery voltage study. The results are essential for the transient analysis, the choice of neutral reactor, as well as the implementation of single-phase auto-reclosing strategy.
I. INTRODUCTION
Single-phase auto-reclosing (SPAR) is widely used in UHV transmission lines to improve the transient stability of power systems [1] . After a grounding fault on a UHV transmission line, the faulted phase should be rapidly cleared; then, a secondary arc occurs due to the capacitive and inductive coupling from the adjacent sound phases. The secondary arc is one of the crucial technical challenges for UHV power transmission due to the extremely high voltage and the long span. If it is not extinguished within the prescribed time, the circuit breakers of the faulted phase would be reclosed on the fault, damaging the associated power equipment and even leading to the out of step of the power system [1] - [3] .
The secondary arc is a highly complex phenomenon and the affected by various factors [4] - [6] . Since the1960s, with the development of extra high voltage (EHV) transmission systems, extensive research has been carried out on its physical mechanism, mathematical modelling and extinguishing techniques. Electric utilities of America, Russia, China, Japan and Brazil conducted numerous tests on the secondary arc to investigate the characteristics of its arcing time and thereby to determine the dead time of EHV and UHV transmission lines. The arc was captured, and its voltage and current were recorded and analysed in detail [7] - [12] . Supposing the secondary arc body as a chain, the mechanical forces acting on secondary arc column have been modelled and comprehensively discussed. Both the thermal effect and wind on secondary arc are taken into account [5] . Based on the experimental results, the theory of switching arc is extended to model an unconstrained long fault arc in air, and a number of black-box models for secondary arc have been proposed and incorporated into the electromagnetic transients program (EMTP) [9] , [13] . It should be noted that the arcing time is random and of statistics in practice; the existing models have certain limitations, for instance, most of models are suitable for some given cases and conditions only; the dielectric strength of free air is extremely difficult to determine [13] .
Meanwhile, several extinguishing techniques for the secondary arc have been proposed [1] , [14] , [15] . Knudsen first presented the four-reactor bank scheme, which not only compensate the reactive power but also eliminate the capacitive coupling between phases and thus reduce the secondary arc current significantly. This method has been widely employed in existing EHV and UHV transmission lines. Hasibar introduced the high speed grounding switch, which is currently applied to the short UHV transmission lines of Japan; Shperling proposed a modified selective switched fourreactor scheme, and this technique is especially suitable for untransposed lines where the conventional techniques cannot minimize the secondary arc current effectively.
The secondary arc is an alternating current electric arc in essence, which is generally extinguished when its current crosses zero, and hence its arcing time is closely related to the transient of its current. Most of previous studies are performed from the perspective of steady-state analysis. By means of EMTP simulation, the variations of steadystate current versus the system parameters, like the neutral reactor, line length and arc resistance are obtained [16] . Currently, the choice of neutral reactor value is also based on the steady-state analysis. In order to determine the SPAR strategy, several researchers have investigated the characteristics of the transient [17] , [18] . Using the adaptive cumulative sum method, the successive events are identified and the fault types are distinguished; the harmonic content of terminal voltage is employed as a sign to evaluate the stage for fault. However, presently little attention has been paid to the detailed interaction between the line parameters and the transient; the mathematical relationship between these variables are unknown; the formation mechanism of such transient is still not clearly understood so far, and that is the main objective of this work.
II. CALCULATION FOR SECONDARY ARC CURRENT A. EQUIVALENT CIRCUIT FOR SECONDARY ARC CURRENT
Secondary arc currents are caused by the capacitive and inductive couplings from adjacent sound phases of a transmission line. The inductive coupling, which contributes little to the current [19] , is ignored in this work to facilitate the analysis.
The circuit diagram for UHV transmission line is illustrated in Fig. 1 . For the purpose of reactive power compensation, shunt reactor banks, as represent by L P , are normally installed on the ends of the line. A small reactor, as represented by L N , is often connected to the linking point of the banks to eliminate the capacitive coupling between phases. The diagram can be easily converted into Fig. 2 .The equivalent phase-to-phase L 0 and the phase-to-ground inductance L 1 can be easily derived.
The line susceptance and shunt compensation degree are given in (2) .
where B 1 is the positive-sequence susceptance, B 0 is the zero-sequence susceptance, F is the shunt compensation degree; X r is the equivalent reactance of line shunt reactor.
In order to minimize the capacitive coupling between phases,
the L 1 -C 1 branches shown in Fig.2 must resonate. To achieve this, the neutral reactor should satisfy [19] 
B. COMPOSITION OF SECONDARY ARC CURRENT
Under normal conditions, the voltage and current of each element in a circuit vary periodically. When a single phase-toground fault takes place, the faulted phase would be cleared in 2-3 cycles of fundamental frequency and the secondary arc then occurs. According to the superposition theorem [20] , the secondary arc generally consists of two parts, i.e., the VOLUME 6, 2018
natural component and the forced component:
where the subscripts n and f denote natural and forced, respectively.
The forced component i f (t) is a response of the circuit to the power sources. It is a sinusoid and can be expressed as
where I f is the magnitude, ω 0 is the power angular frequency, ϕ 0 is the initial phase angle.
The natural component i n (t) is a response of the circuit to the energy stored in the inductors and capacitors at the moment the circuit breakers of the faulted phase are cleared [18] . It is a sum of several exponentially decaying terms and can be expressed as
where m is the order of the natural component; I i is the magnitude of the i th term; δ i is the damping factor of the i th term; ω i is the resonant frequency of the i th term; ϕ i is the initial phase angle of the i th term; I 0 is the DC component. The variables δ i and ω i are the two critical quantities featuring the natural component. The former indicates the decaying rate whereas the latter indicates the oscillating rate. Due to the presence of the term e δ i t , the natural component would decay until zero as time goes on. 
C. CALCULATION FOR FORCED COMPONENT
Supposing a fault occurs on phase A, the equivalent circuit for the forced component can be reduced to Fig. 3 [1] . Due to symmetry, phase B and C can be folded together and the diagram can be further simplified, as shown in Fig. 4 . The impedances Z 0 and Z 1 are equal to Generally, Z 0 and Z 1 are much greater than the secondary arc resistance R. Thus, the forced component is approximately equal to
Since the compensation degree of UHV transmission lines is normally designed in the range from 60% to 90%, Z 1 is capacitive. Hence, the forced component, as shown in the phasor diagram of Fig. 4 , always lags E A by 90 • .
Clearly, the forced component is heavily dependent on the voltage level of the power sources, the parameters of the shunt reactors and the neutral reactor. The arc resistance, phase-toground capacitances, etc., however, have little effect on it.
D. CALCULATION FOR NATURAL COMPONENT
The LTM is a technique for solving linear differential equations with initial conditions. It is able to convert equation in time domain into frequency domain, and commonly used to solve electric circuit and systems problem. The LTM is especially suitable for the calculation of natural component of secondary arc current and determine the quantitative relationship between the transients and the line parameters [20] . Supposing the circuit breakers of the faulted phase are tripped at t 0 , the equivalent circuit diagram for the natural component is illustrated in Fig. 5 . 
According to Kirchhoff's voltage law (KVL), the voltage of each node satisfies
The elements of the admittance matrix Y are given in (10) .
The elements of the current vector I are given in (11) .
where S and R denote sending end and receiving end, repsectively. The current i A−B−S (t 0 ) represents the instantaneous current of the mutural inductor between phase A and B at t 0 ; the voltage u A−B (t 0 ) represents the instantaneous voltage of the mutal capacitor between phase A and B at t 0 . The natural component of secondary arc current is
Through Inverse Laplace Transform, we obtain
After clearing the faulted phase, the energy stored in the phase-to-phase capacitors, phase-to-ground capacitors, shunt reactors, etc., would be released through the secondary arc path and hence the natural component is generated. Rather than the voltage level of the power sources, the natural component is mainly determined by the initial condition when the circuit breakers are tripped and the configuration of the circuit itself. The secondary arc can damp the natural component and dissipate the energy. As time goes on, the natural component would die out.
III. SIMULATION AND DISCUSSION
In this section, a model for a practical UHV transmission line is established, and the characteristics of secondary arc current are systematically studied. 
A. SIMULATION
In order to analyse the transient of secondary arc current, a practical UHV transmission line of China was selected, i.e. the Jingdongnan-Nanyang line. The simulation model, as illustrated in Fig. 6 , was established in the environment of EMTP. The UHV transmission line is 320 km in length, fully transposed, and its parameters are listed in Table 1 . By means of the short-circuit study, the equivalent impedances of the power sources was obtained, as listed in Table 2 . The subscripts 0 and 1 denote zero sequence and positive sequence, respectively. Four-reactor banks are installed on the ends of VOLUME 6, 2018 the line with total compensation degree of 90%. The neutral reactor is designed as 1390 mH to fully compensate the capacitive coupling between phases.
The secondary arc is a highly complex phenomenon and is affected by various factors, such as the wind, the primary arc and the structure of insulator string [4] - [6] . As a result, its resistance varies in a wide range. Although a number of models have been proposed on its dynamics, its physical mechanism is still not clearly understood. Moreover, due to its extremely random characteristics, it is difficult to reproduce the arc behaviour accurately. In this work, a simplified model is employed to represent the arc and its resistance is set to be a constant of 10 . It should be noted that such a simplification might lead to a slight difference between the simulation results and the experimental results, and the extinguishment and restrike behaviours cannot be simulated. However, the feature of transient can still be demonstrated. In addition, the formulas describing the relationship between the transient and the arc resistance can be obtained, elucidating the formation mechanism of secondary arc current. The influence of the arc resistance is systematically analysed in Sections IV and V.
Assuming that a single phase-to-ground fault occurs on the midpoint of the transmission line at t = 0.4 s and the faulted phase is cleared after 60 ms, the results are as follows.
B. RESULTS AND DISCUSSION
A typical secondary arc current is depicted in Fig. 7 . Since the simplified linear model is employed to represent the secondary arc resistance, the waveform is slightly different from that measured during field tests. It can be seen that the current varies drastically during the early stage with maximum value above 400 A; it decreases towards zero as time goes on. Based on its characteristics, the current can be divided into three phases:
Phase 1: the oscillating phase. It can be easily seen that that the secondary arc current contains a large proportion of high frequency components which oscillates quite rapidly. The duration of phase 1 is 0.07 s, from t = 0.46 s, at the moment the current occurs, to t = 0.53s, at the moment the current crosses zero for the last time during the early stage.
Phase 2: the decaying phase. As shown in Fig. 7 , there is a dc component in the secondary arc current which decays slowly and hence delays the zero-crossing time of the current. The duration of phase 2 is 0.78 s, from 0.53 s when the current crosses zero, to 1.31 s when the dc component has died out and the current crosses zero again.
Phase 3: the steady-state phase. Both the high frequency and dc components have died out, and the secondary arc current is in steady state with effective value about 4 A.
From above results, it can be found that:
• The application of the four-reactor bank can reduce the steady-state value of the secondary arc current significantly.
• The transient of secondary arc current is totally different from its steady state. The transient analysis should be performed to determine the arcing time of the secondary arc, the SPAR strategy as well as the transmission line design.
• The secondary arc is a long alternating-current electric arc in nature, which is generally extinguished when its current crosses zero. As shown in Fig. 7 , the duration of phase 2, which is without zero-crossing point, reaches almost 0.8 s. However, to ensure the transient stability of power systems, the dead time of a UHV transmission line is normally within 1 s, including the tripping delay, the interrupting time of circuit breakers, the arcing time of the fault arc, etc [18] . It suggests that the arcing time may even exceeds the dead time of the line, resulting in the failure of SPAR. The presence of the DC content poses a threat to the arc extinction.
• The entire trend of the transient is similar to those of the experimental results presented in [7] - [12] . However, compared with experimental results, the secondary arc current of our case decays rather slowly. Such a difference is explained in the following sections. The secondary arc current was decomposed, and its two components are depicted in Fig 8 and 9 , respectively. The forced component is a sinusoid with effective value of 4.3 A whereas the natural component is similar to the total current. Apparently, the natural component is considerably higher than the forced component. It consists of a variety of harmonics, including high frequency harmonics, low frequency harmonics and a DC content. They decay towards zero as time goes on. It can be also found that the transient of secondary arc current is mainly featured by its natural component rather than the forced component.
IV. INFLUENCES OF KEY FACTORS ONTHE TRANSIENTST OF SECONDARY ARC CURRENT
To determine the effects of key factors on the transient of secondary arc current, a series of simulations have been performed in this section.
A. INFLUENCE OF SECONDARY ARC RESISTANCE
The variations of forced component and natural component with the secondary arc resistance are shown in Fig. 10 and 11 , respectively. Since the forced component is a sinusoid, which is mainly characterized by its effective value, instead of the whole waveform, only the effective value is presented here for the analysis. The forced component is 4.3 A when the resistance is 200 , and it almost keep constant with the increase of the resistance. Since the arc resistance is much smaller than the equivalent impedance between the healthy phase and the fault point, from Fig. 10 , it can be seen that the resistance has little effect on the forced component. This result is consistent with the theoretical analysis presented in Section II and the results presented in [21] .
However, the natural component, as shown in Fig. 11 , is significantly influenced by the secondary arc resistance. The greater the resistance is, the faster the decay will be. When the resistance is 10 , the natural component dies out up to 0.8 s but within 0.2 s when it is 200 . In practice, the voltage on the faulted phase of a transmission line are usually measured and analysed to identify whether the fault is transient or permanent, and thus to determine the SPAR strategy. The information of the transient is meaningful and of great significance. The simulation results indicate that the modelling of the secondary arc resistance is essential to SPAR strategy, and our analysis are more comprehensive than previous study.
B. INFLUENCE OF COMPENSATION DEGREE
The variations of forced component and natural component with the degree of shunt compensation are plotted in Fig. 12 and 13 , respectively.
From Fig. 12 , it can be seen that the effective value of the forced component is 12.2 A when the compensation degree is 60%, but 4.3 A when it is 90%. Clearly, the compensation degree has small effect on the forced component when it is less than 80%. When the degree exceeds 80%, the forced component goes down rapidly with the increase of the shunt compensation degree. Similarly, the compensation degree, as shown in Fig. 13 , has little influence on the natural component, and it decays relatively faster when the shunt compensation degree is high. In the case that one of the shunt reactor banks is out of service, the natural component would not be significantly affected.
C. INFLUENCE OF NEUTRAL REACTOR
The effects of neutral reactor on the forced component and natural component are shown in Fig. 14 and 15 , respectively.
Regarding the forced component, its value is determined by the ratio of the secondary arc resistance to the equivalent impedance between the healthy phase of circuit and the fault. The use of neutral reactor can compensate the capacitive coupling between phases, and once the phase-tophase inductance and the phase-to-phase capacitance reach the resonant condition, the impedance has the maximum and the forced component would have its minimum. The neutral rector has a great impact on the impedance and thus the forced component. Form Fig. 14 , it can be seen that the minimum value of forced component is 4.3 A when the neutral reactor is 1390 mH. When the reactor is smaller than 1390 mH, the forced component decreases rapidly with the increase of the reactor, and vice versa. Thus, the selection of an appropriate neutral reactor is crucial to ensure that the secondary arc current is deeply suppressed below an acceptable level.
The natural component, however, is mainly characterized by the decay and oscillating features. The damping factor, which is determined by the time constant of the circuit, is primarily related to the secondary arc resistance; the variation of neutral reactor would not change the order of the circuit. As shown in Fig. 15 , the influence of neutral reactor on the natural component is quite small, and the waveform nearly keeps the same with the increase of the reactor.
D. INFLUENCE OF FAULT LOCATION
The variations of forced component and natural component with fault location are shown in Fig. 16 and 17 , respectively. Clearly, the fault location has little effect on the forced component. When the fault is located at 160 km, the forced component is 4.8 A but 10.2 A at the receiving end. The influence of fault location on the natural component is also fairly small. Generally, the component decays faster when the fault location approaches the midpoint of the line.
From above results, it can be concluded:
• The forced component is mainly determined by the neutral reactor. In order to minimize the steady-state value of secondary arc, the selection of the neutral reactor is crucial.
• The natural component is heavily dependent on the secondary arc resistance. Since the voltage of a faulted phase is often used as an input signal for a SPAR scheme, it is necessary to simulate the secondary arc resistance to obtain the accurate waveform of the voltage.
V. DECAYING AND OSCILLATING CHARACTERISTICS OF NATURAL COMPONENT
The aforementioned analysis indicates that the transient of secondary arc current is mainly characterized by its natural component, and this component is decided by the secondary arc resistance. In this section, the formation mechanism of the natural component is further elucidated.
A. CHARACTER IS TIC EQUATION OF CIRCUIT
The decay and oscillation are two crucial attributes properties describing the natural component. The characteristic equation is an effective method to calculate the damping factors and resonant frequencies of a circuit. Taken the source impedances into account, the equivalent circuit model for the natural component is illustrated in Fig. 18 . This model can be further reduced into Fig. 19 [21] . Using LTM, Z 1 , Z 2 and Z 3 are converted into the frequency domain, as given in (14)
And,
The characteristic equation of the circuit is
Equation (13) can be written in the form
where a 0 , a 1 , a 2 , a 3 and a 4 are constants determined by the parameters of the elements in the circuit. 
B. DAMPING FACTOR AND RESONANT FREQUENCY OF NATURAL COMPONENT
Substituting the parameters of the transmission line into (14) , the normalized coefficients of the equation are obtained, as listed in Table 3 . It can be seen that the characteristic equation is a fourth-order polynomial equation, and it contains fours roots, as listed in Table 4 . where b 1 , b 2 , b 3 and b 4 are constants determined by the initial condition when the faulted phase is cleared.
The roots suggests that the natural component can be divided into three parts: (i) the slowly decaying but rapidly oscillating part, as indicated by the roots s 1 and s 2 whose damping factors are fairly small but resonant frequencies are very large; (ii) the rapidly decaying part, as indicated by the root s 3 whose damping factor are much greater than those of others; (iii) the slowly decaying part, as indicated by the root s 4 whose damping factor is extremely small. It can be observed that the damping factor of s 4 is far smaller than those of others; hence, it would play a decisive role in the decay of the total natural component.
Comparing the roots with the waveform depicted in Fig. 7 , it can be inferred that the roots s 1 , s 2 and s 3 as well as their term presented in (15) 
C. INFLUENCES OF KEY FACTORS ON THE ROOTS
Since L p is much greater than L n , we obtain
It can be found that δ 4 is directly proportional to the secondary arc resistance R but inversely proportional to the shunt reactor L p . In practice, the compensation degree is normally designed in the range from 60% to 90%. As a consequence, L p is often limited in a small range. The arc resistance, however, varies drastically, normally ranging from several ohms to thousands ohms. Thus, it would play a decisive role in the damping factor. Table 6 and 7 lists the roots of the characteristic equation when the compensation degree is 60% and the neutral reactor is 3000 mH, respectively. Compared with Table 4 , it can be seen that the roots s 1 , s 2 and s 3 almost keep unchanged with the variations of compensation degree and the neutral reactor. There is only a small reduce of s 4 when the compensation degree decreases from 90% to 60%. It indicates these two factors have small effects on the decaying and oscillating characteristics of the natural component. The analytical result also agrees well with the simulation results. This is attributed to the fact that the damping factor is closely related to the time constant of the circuit; the smaller the time constant, the more rapidly the current decreases, that is the faster the response. The variation of neutral reactor cannot change the order of the characteristic equation. Further, as it is smaller than the shunt reactor, its effect is very weak.
In addition to the current, the transient of recovery voltage can be also obtained by applying the LTM to the circuit similarly. The only difference is that the arc is extinguished and R (see Fig. 18 ) is approaching infinite, in other words without R. The order of the characteristic equation is 3 (see Eq. 16), which is smaller than that of the secondary arc current. Compared with the current, the results suggest that the recovery voltage is mainly impacted by the four-legged shunt reactor parameters instead of the secondary arc resistance itself.
VI. CONCLUSION
In this work, the transient of secondary arc current has been systematically studied. To elucidate the mechanism of the transient, the secondary arc current has been decomposed into the natural component and the forced component; the corresponding circuits have been established; the formulas for these two components have been derived. Then, a series of simulations on secondary arc current of a practical UHV transmission line have been performed and the influences of key factors have been investigated. Furthermore, using LTM, the characteristic equation of the UHV transmission line is formulated; the damping factors and the resonant frequencies describing the natural component are obtained and their characteristics are researched.
The characteristics of the transient of secondary arc current are completely different from that of its steady state. Compared with previous analysis, the relationship between the decaying and oscillating processes with the system parameters is quantitatively explained. Both the simulations and the theoretical analysis indicate that the transient is characterized by its natural component, which is mainly decided by the factor of secondary arc resistance instead of the line length, the fault location, etc. The decay of secondary arc current is directly proportional to arc resistance, but inversely proportional to shunt reactor. Also, the proposed methodology can be extended to recovery voltage study. The analytical results are consistent with the experiments and provide useful references for the implementation of SPAR strategy and the line design. 
